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Understanding the mechanisms and modalities of damage progression close to discontinuities in solids,
such as joints, is of great importance for applications in different ﬁelds. The interaction between damage
and elasticity causes a nonlinear elastic response of the sample to a stress excitation (e.g. in the ultrasonic
frequency range). Extracting physical or mechanical information on the sample properties from recorded
ultrasonic signals requires a realistic model and an efﬁcient detection method, as it will be discussed in
this paper. We study here the successive phases that concrete samples with discontinuities enter by pro-
gressively increase the applied external load. Considerations on the mechanisms of damage progression
are derived from experimental data using a Preisach–Mayergoyz space approach, developed in order to
capture all the observed behaviors.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
Since discontinuities are usually indicated as weak areas where
damage may easily begin to propagate from (Paliwal and Ramesh
(2008) and Bigoni et al. (2008)), they assume a relevant role in
the propagation of damage in diverse materials, such as concrete
(Van den Abeele and De Vissche, 2000), rocks (Tencate et al.,
2000), ceramics (Van den Abeele and Van den Helde, 2000), com-
posites (El-Guerjouma, 2001), biological (Ulrich et al., 2007) and
geophysical media (Johnson and Jia, 2005), etc. The presence of dis-
continuities in concrete and other materials with applications in
Structural Engineering may be retraced to different origins: joints
between successive castings (Djazmati and Pincheira, 2004), inter-
faces between original materials and strengthening materials in
patch repair works (Sharif et al., 2006; Mangat and O’Flaherty,
2000), micro- and macro-cracks induced by unexpected loads or
shrinkage (Lura et al., 2007), seismic events or subsidence phe-
nomena (Barpi and Valente, 2007), damage induced by Alkali Silica
Reactions (El Kadiri et al., 2008) or other chemical degradation
phenomena (Bader, 2003; Baghabra and Omar, 2002; Dehwah,
2007), etc.
The effect of an external load on a specimen or a structural ele-
ment with a pre-existing discontinuity is generally to give rise to
the formation and growth of micro-cracks in proximity of the dis-
continuity, eventually leading to the rupture of the specimen orll rights reserved.
zzi).collapse of the structure. Consequently, monitoring and under-
standing the evolution of the mechanical state of the material
when damage is in progress is a challenging goal and several meth-
ods have been proposed up to date. Among them, techniques based
on nonlinear ultrasonic methods (Van den Abeele et al., 2000; Sol-
odov et al., 2004; Chen et al., 2008; Herrmann et al., 2006; Deng
and Pei, 2007) appear to be very promising. Indeed, the elastic re-
sponse of a solid to an ultrasonic excitation reveals the possible
presence of a damaged area by increasing its nonlinearity, even
though it is to be noted that traditional ultrasonic analysis tech-
niques (e.g. Fast Fourier Transform (FFT), wavelet, etc.) are not al-
ways adequate to capture these nonlinear features due to their low
amplitude, which may easily fall within noise level. For an ade-
quate and realistic comprehension of the physical and mechanical
properties of solids with micro-cracks, ultrasonic data acquisition
and interpretation still requires a considerable effort from an
experimental and theoretical point of view.
On the experimental side, a variety of non-destructive methods
to pinpoint changes in the nonlinearity of the sample have been
developed in the last years, many of which have often revealed
to be not completely reliable from the practical point of view. As
an example, results from a traditional wave spectroscopy analysis
(Van den Abeele et al., 2000; Solodov and Busse, 2007; Campos-
Pozuelo et al., 2006; Goursolle et al., 2008) may be biased by the
low amplitude of the higher order harmonics (or sub-harmonics)
generated (Antonaci et al., 2010), which are frequently submerged
within the noise level. As an alternative, we have recently proposed
a scaling subtraction method (SSM) (Scalerandi et al., 2008a; Bruno
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ity of the sample on the portion of the signal at the fundamental
frequency, with beneﬁts in terms of signal-to-noise ratio. We have
shown elsewhere the sensitivity of the method both to the pres-
ence of nonlinearity (Scalerandi et al., 2008b) and to its evolution
(Bruno et al., 2009).
On the theoretical side, data resulting from the experimental
analysis need to be linked to the mechanical properties of the
material and to the changes in its macro-structure (Bertoldi
et al., 2007; Baltazar et al., 2002). To this purpose, models of the
elastic (Delsanto and Scalerandi, 2003; Capogrosso and Guyer,
2002; Vakhnenko et al., 2005) and mechanical (Pecorari, 2004; Ale-
shin and Van Den Abeele, 2005) behavior of the specimen are nec-
essary and various approaches have been developed in the last few
years. Among them, models based on a Preisach–Mayergoyz (PM)
space approach (McCall et al., 1994; Guyer et al., 1995, 1998) have
been proven to be successful in describing hysteretic nonlinearity
(Delsanto and Scalerandi, 2003; Capogrosso and Guyer, 2002; No-
bili and Scalerandi, 2004; Barbieri et al., 2009; Bentahar et al.,
2006; Payan et al., 2007), which is a peculiar characteristic of the
nonlinear elastic behavior of concrete and of the other materials
mentioned above.
The goal of the present paper is to study the evolution of the
elastic nonlinearity generated by the progression of compressive
damage in a concrete sample with a discontinuity. We will show
that the evolution of the degradation of mechanical state of the
weak area close to the discontinuity corresponds to different stages
of increasing nonlinearity, which can be efﬁciently monitored
using the SSM. Experimental data will be compared with the re-
sults of numerical simulations derived from a PM space model,
which is based on a bi-state constitutive equation. The model al-
lows to qualitatively understand the changes in the macroscopic
state of the sample that are responsible for the observations from
the nonlinear ultrasonic measurement performed.
2. Experimental analysis
2.1. Experimental set-up
To study the evolution of nonlinearity in proximity of a discon-
tinuity, we built a laboratory test piece creating a joint between
two identical concrete cubes. The cubes (sized 10  10  10 cm)
were pasted one on the other using a thin layer of fresh cement
paste (about 4 mm thickness) to obtain a prismatic sample. The
two surfaces of the cubes at the joint were rough, while the other
surfaces were polished. The specimen thus obtained was air-cured
at constant temperature and humidity for three weeks before
testing.
The composition of the concrete mix used for the cubes is re-
ported in Table 1; their age at the date of testing was approximately
6 months. The mechanical characteristics were preliminarily evalu-
ated bymeans of mono-axial static compression tests, that resulted
in a compressive strength of 24 MPa. The longitudinalwave speed in
the cube was measured to be vL ¼ 3850 m=s; density of the cubes
was q ¼ 2330 kg=m3.Table 1
Composition of the concrete mix.
Component type Dosage
CEM II A-L 42.5 R 270 kg/m3
Sand (0–5 mm) 1063 kg/m3
Gravel (5–15 mm) 799 kg/m3
Water 200 kg/m3
Admixtures –
W/C ratio 0.74To make ultrasonic measurements, the sample was equipped
with two identical piezoelectric transducers, one acting as an emit-
ter and the other as a receiver, both with diameter of 4 cm. The
arrangement was such to allow measurements in indirect trans-
mission mode (superﬁcial path), i.e. transducers were attached to
the same surface of the sample using a thin layer of phenyl-salicy-
late, with the path between them crossing the joint, as shown in
Fig. 1a. The emitter was connected to a function generator through
a linear ampliﬁer; the function generator excited the transducer
with a burst composed of 10 cycles of a sinusoidal wave centered
at frequency: x = 55.5 kHz (see Fig. 1b). The receiving transducer
was connected to an oscilloscope for data acquisition through a lin-Fig. 1. (a) Schematic description of the experimental set-up. Both transducers are
attached to the same surface of the sample and the discontinuity falls between
them; (b) the source signal is a burst composed of n = 10 sine cycles at 55.5 kHz;
and (c) a typical recorded output signal.
Fig. 2. SSM indicator h vs. x at different load levels. The increase in the slope of the
curves is an indication of the rise of nonlinearity of the sample. Solid lines represent
the ﬁtting curves (power law dependence).
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5 MSa/s with a time window of about 4 ms. A typical recorded sig-
nal is reported in Fig. 1c. The repeatability of measurements and
the linearity of both coupling agent and acquisition system have
been veriﬁed.
The progression of damage, at the joint and in the region sur-
rounding it, was obtained by applying a quasi-static compressive
load using a servo-controlled Mechanical Testing System (MTS).
Ultrasonic measurements were performed with the specimen un-
der constant load at different load levels. Load velocity was not
controlled during the experiment. Temperature was monitored in
order to ensure stable ambient conditions.
2.2. Data acquisition and analysis
After having positioned the sample in the MTS machine frame,
the experiment was conducted as follows. Eleven load levels were
selected: r = 0,0.1,0.2,0.5,1.0,2.0,3.5,5.0,7.5,10.0,12.0 MPa. At
each load level, an ultrasonic measurement was performed as fol-
lows: the sample was excited by varying the excitation amplitude
between 2 and 160 V (peak to peak), after ampliﬁcation. The re-
corded output signals were labelled as v iðtÞ where i ¼ 1;2; . . . ;23,
corresponding to the injection amplitudes Ai.
Each of the 11 sets (one per each load level) composed by the
N = 23 signals was analyzed independently using the SSM. The ba-
sic idea of the SSM is to build, for each amplitude of excitation Ai, a
linear ‘‘reference signal”, v ref ðtÞ, which would represent the linear
response at that amplitude associated to an equivalent, linear
(i.e. undamaged), medium. The deﬁnition of such a ‘‘reference” is
not trivial, since it must be deﬁned with an experimental proce-
dure on the same sample (with identical transducers’ conﬁguration
and without changing the coupling agent). Here, we assumed the
lowest of the excitation amplitudes considered ðA1Þ to be sufﬁ-
ciently low so that the sample behaves (almost) linearly. Therefore,
the signal v1ðtÞ represents the linear response of the sample at that
amplitude. If the system was linear, the superposition principle
would hold true and the output signal at a larger input amplitude
Ai > A1 would be expected to be
v refðtÞ ¼ AiA1 v1ðtÞ ð1Þ
The v refðtÞ signal is created in a post-processing procedure and, the
response of the tested sample being nonlinear, it normally results to
be different from the corresponding signal v iðtÞ actually recorded.
The scaling subtraction method deﬁnes the nonlinear response of
the specimen through the Scaled Subtracted signal (SSM signal):
wAðtÞ ¼ v iðtÞ  v refðtÞ ð2Þ
Of course wAðtÞ depends on the injection amplitude (A) and van-
ishes (except for noise effects) if the material is perfectly linear.
To represent and quantify the nonlinear signature of the investi-
gated sample, a quantitative parameter hðAÞ, which from now on
will be called SSM indicator, was deﬁned as the ‘‘energy” of the
SSM signal over a time interval T:
hðAÞ ¼ 1
T
Z T
0
w2AðtÞdt ð3Þ
Similarly, we also deﬁne a variable
xðAÞ ¼ 1
T
Z T
0
v2i ðtÞdt ð4Þ
representing the ‘‘energy” of the output signal (i.e. the one recorded
from the receiver).
More details about the procedure can be found in Scalerandi et
al. (2008a) and Bruno et al. (2009).2.3. Results and discussion
Following the analysis discussed above, for each load level we
obtain a curve representing the SSM indicator, given by the analy-
sis of the N = 23 ultrasonic signals. In Fig. 2, h is reported vs. x for a
few selected load levels. As expected, h increases with x, since the
nonlinear response increases with injected amplitude. For each
load level, the curves can be well ﬁtted by a power law (reported
in the ﬁgure as a solid line):
h ¼ axb ð5Þ
With increasing loads, the slope of the curves ﬁrst decreases (from
r = 0 up to r = 2.0 MPa), then it slightly increases (up to r = 5.0
MPa). Finally, for higher loads (r = 10.0,12.0 MPa),wehave an abrupt
increase of the slope.
This behavior can be better appreciated when plotting
h0 ¼ h ðx ¼ x0Þ vs. r, i.e. the nonlinear indicator (extracted from
the ﬁtting function) at a ﬁxed value of x vs. the quasi-static load
(see Fig. 3). We have chosen x0 ¼ 0:5 V2. Results, which are quali-
tatively independent from this choice, indicate that three loading
intervals can be deﬁned:
1. the SSM indicator decreases for low load levels up to about
2.0 MPa;
2. the nonlinearity of the sample slightly increases when interme-
diate load levels are applied;
3. a considerable increase of the nonlinearity is observed at large
load levels (from about 8.0 MPa on).
If the ultimate load before appearance of bulk micro-cracks is
deﬁned as 30% of the compressive strength, as it is usually done,
a value of about 7.5 MPa is found for the insurgence of micro-
cracks, in very good agreement with the change in the nonlinearity
experimentally observed at approximately that load level.
Interesting considerations come out from a qualitative analysis
of the shape of the recorded signals as well. In Fig. 4, we have re-
ported the signals recorded by the receiver for an excitation ampli-
tude of A = 5 V at different load levels, each corresponding to one of
the three load intervals listed above.
1. When the load level is low (r = 0.5 MPa), we observe no signif-
icant change in the shape of the signal with respect to the zero
load case (Fig. 4a and b). We attribute the decrease in nonlin-
earity (see Fig. 3) to a compaction process, rather than to the
progression of damage. This is in accordance with experimental
observations (Antonaci and Bocca, 2005), based on which a
Fig. 3. SSM indicator at a ﬁxed value of x ð0:5 V2Þ. h0 has been extracted from the
ﬁtting curves of Fig. 2 and plotted as a function of the load level. Three phases can be
identiﬁed: a compaction stage (up to 2 MPa) where nonlinearity of the sample
decreases; a slight damage phase (up to 5 MPa) and a subsequent large damage stage
(loads larger than 8 MPa) where the nonlinearity of the sample increases further.
1606 P. Antonaci et al. / International Journal of Solids and Structures 47 (2010) 1603–1610beneﬁcial effect of pressure is expected, provided that its inten-
sity is sufﬁciently low to cause a closing effect on the pre-exist-
ing cracks and micro-cracks, without inducing bulk damage.
2. When reaching intermediate load levels (r = 5 MPa, Fig. 4c), the
shape of the signal radically changes, thus indicating that early
damage occurred. Since the increase in nonlinearity is quite
small (compare with Fig. 3), we assume that the damage pro-
cess must be very localized in space, e.g. in the joint itself.
3. At larger loads (r = 10 MPa, Fig. 4d), the signal shape changes
again, thus indicating a novel damage event which is expected
to take place in the bulk of the two cubes, since it produces a
signiﬁcant change in the nonlinearity signature (compare with
Fig. 3). Note also the change in attenuation of the signal: it is
almost negligible for low load levels, but increases signiﬁcantly
in Fig. 4c and d.
This evolution of damage in the sample can be further under-
stood when plotting the exponent b of the ﬁtting functionFig. 4. Recorded signals corresponding to a ﬁxed injection amplitude (A = 5 V) and differ
and (d)) are the indication of a variation of the microstructure of the sample.(Eq. (5)) as a function of the load r (see Fig. 5). The general increase
of b is, in our opinion, an indication of a change in the nonlinear
features. Again, the change is drastically different between the sec-
ond and third zone previously described. We remark that this anal-
ysis concerning the exponent b is very preliminary.
Finally, to support our conclusions on the mechanisms in the
damage process, we repeated the experiment on two other identi-
cal samples. Both repeated experiments were interrupted at differ-
ent load levels in order to visually inspect the discontinuity
surfaces. In one case the experiment was stopped at r = 3 MPa
(intermediate load): an evident delamination at the joint was ob-
served and the two cubes, which appeared intact, were easily sep-
arated. A picture of the joint itself is reported in Fig. 6a. In the
second case, the load was increased further (up to 14 MPa) and evi-
dent deterioration of the bulk of the cubes was noticed. Slight
cracks on the cubes surfaces were propagating already at a load
of 10 MPa (picture in Fig. 6b) and detachment of portions of the
sample (picture in Fig. 6c) occurred in the ﬁnal state. After separa-
tion of the two cubes, the deterioration in the joint region appeared
very similar to that observed in Fig. 6a.
3. Discussion and modelling results
To theoretically describe the results discussed so far, we imple-
mented a one-dimensional spring model based on the Preisach–
Mayergoyz (PM) space approach (Delsanto and Scalerandi, 2003;
Nobili and Scalerandi, 2004; Gliozzi et al., 2006; Scalerandi et al.,
2003). The interpretation of the evolution of the nonlinear re-
sponse in the model will be given and the results of a numerical
experiment, similar to that discussed in the previous section, will
be presented. Albeit the 1-D approximation of the prismatic sam-
ple studied is rough, we will show that results are convincing of
the correctness of the approach used.
3.1. The model
Let us consider a 1-D sample of length L and discretize it in a
large number (N) of cells. Each cell, of length e ¼ L=N, is labelled
with an index i and represents the portion of sampleent load levels. The change in the shape at intermediate and large loads (panels (c)
Fig. 5. Exponent b of the power law ﬁtting function (see Eq. (5)) as a function of
load. The increase of the exponent may be related to transitions to different damage
conditions (progression of damage).
Fig. 6. Photographs of damage occurring in the sample: (a) state of the cement
bonding layer between the cubes after low load levels (3 MPa); (b) emergence of
superrﬁcial cracks close to the interface at intermediate load levels (10 MPa); and
(c) large cracks and detachment of concrete portions when load is close to failure
(14 MPa).
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nodes and each node, labelled with the index i, represents the por-
tion of mass located in ði 1=2Þe < x < ðiþ 1=2Þe. Therefore, the
mass ism ¼ qeS, where S is the sample section and q is the density.
Each discretization element (cell) is further divided into M hyster-
etic elements (HEs), labelled with indices (i, j) and arranged in ser-
ies one after the other. In principle, HEs can have different lengths
and different properties. However, the solution is largely simpliﬁed
if we assume all HEs belonging to the same cell to have the same
length ðd ¼ e=MÞ.
We consider each HE as the parallel of a linear spring and a rigid
contact (see Fig. 7a). The HE is characterized by an elastic constant
Kij and a dynamic viscosity fij. Its constitutive equation is the clas-
sical Kelvin–Voigt constitutive equation (Christensen, 1982):
rij ¼ Kijgij þ fij _gij ð6Þ
where r is the stress and g the strain. Both stresses and strains are
assumed to be positive in compression. We assume all springs
belonging to the same cell (i.e. for any j at ﬁxed i) to have the same
elastic constant and viscosity. The extension to the more general
case of non-identical HEs in a given element can be easily derived.
In the following, whenever trivial, we will omit the indices ij.
The HE deﬁned in Fig. 7a has a two states behavior. As long as
the rigid element is ‘‘open” (i.e. there is no contact between the
two surfaces of the rigid element), the response is linear and gov-
erned by the elastic spring: increasing the applied stress, the strain
increases (and viceversa). We deﬁne a transition from the elastic to
the rigid state when the length l of the spring corresponds to the
length lc of the rigid element. Such length corresponds to a closing
stress deﬁned as:
pc ¼ Kgc ¼ K
l lc
d
ð7Þ
A further increase of pressure does not correspond to a further in-
crease of strain. Also, an element in the rigid state does not contrib-
ute to the attenuation, since no dynamic friction or viscosity is
present. During the unloading phase, the transition back to the elas-
tic state does not occur at the same closing stress. The elastic behav-
ior of the HE is recovered when the applied stress is smaller than an
opening pressure po < pc. Once back to the elastic state, the HE con-
tributes again to the averaged elastic behavior and to the attenua-
tion of the system. The behavior of the HE as a function of the
stress is reported in Fig. 7b.
The complex elastic behavior observed in experiments should
emerge from the collective behavior of a large number of HEs,characterized by different values of the opening and closing pres-
sures. In the PM space approach, it is convenient to represent each
HE as a point in a 2-D plane (closing pressure pc–opening pressure
po plane), i.e. each HE (i, j) is characterized by its own values of
transition pressures ðpc; poÞij (see Fig. 8a). The opening and closing
pressures are distributed in the interval ½rM ;rM, rM being a free
model parameter; here, we have assumed a uniform distribution.
Let us now consider the equation of motion for a mass located
on the nodes of our discretized system. The equation of motion is:
m€ui ¼ ðSiri þ Si1ri1Þ ð8Þ
where ui is the displacement of the node and the double dot denotes
a second-order time derivative. Si represents the equivalent stiff-
ness of the ith cell and it is derived from the elastic constants of
Fig. 7. (a) Schematic representation of the sticky-spring Hysteretic Element used to
model the system; (b) equation of state of the HE reported in panel (a).
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the global stress due to the ith cell, i.e. resulting from the contribu-
tion of the stresses due to the M elements composing the ith cell. A
relation between the stress ri and the displacements at the tips of
the corresponding cell can be derived as follows.
We introduce the assumption that the equilibrium within the
cell is reached very rapidly, i.e. the same stress applied to the cell
is also applied to each HE composing the cell. The equivalent elas-
tic constant Si of the cell can be derived as1=Si ¼ Meli
.
K ð9Þwhere Meli is the number of HEs in the elastic state. Also, the strain
of the cell has to be calculated. To this purpose, HEs in the rigid stateFig. 8. Behavior of the Hysteretic Elements in different conditions corresponding to the
rest conditions: light (dark) grey regions correspond to rigid (elastic) HEs. (b) Exciting the
in the plot, i.e. elements in the triangle switch continuously between the rigid and the
(extreme of the triangle). (c)The effect of damage corresponds to an increase of the den
distribution. (d) The effect of an applied load corresponds to a shift of the activation trido not contribute to the calculation. Therefore, the strain gi of cell i
is calculated as:
gi ¼
uiþ1  ui 
P
lcij
e
ð10Þ
where the sum is extended only to rigid elements. Here lcij is the
closing length of the (i, j) HE.
The stress–strain relation for the cell follows as:
ri ¼ 1
Meli =Kij
uiþ1  ui 
P
lcij
e
ð11Þ
Substituting Eq. (11) into Eq. (8), we obtain a dynamical equation
which allows to describe the elastic response of the sample to an
external excitation.
The nonlinearity in the elastic response of the system to an
external excitation is due to the change of state of a portion of Hys-
teretic Elements. The more elements switch from one state to the
other, the more nonlinearity is generated. Of course, for a given
excitation only a small portion of elements are interested in the
process, i.e. those for which the opening and closing pressures
are within the limits of the oscillation of stress in the sample. As
an example, if, locally, the stress in the sample ranges between
r1 and r1 only the elements in the triangle of Fig. 8b generate
nonlinearity. When increasing the excitation amplitude, the trian-
gle becomes wider and the nonlinearity of the response is larger.
Non-equilibrium effects can also be present, but are not considered
here (Scalerandi et al., 2010).
A second possibility to increase the nonlinearity, while keeping
a constant excitation amplitude, is to decrease the extension of the
PM space (i.e. decrease rM). In such a case (Fig. 8c), the active por-
tion of the space remains the same, but the density of elements in
the area increases. As a consequence, we can say that the nonlin-
earity predicted by the model is strictly linked to the ratio between
the amplitude of the injected signal and rM . Both, at the moment,situations realized in the experiment. (a) Distribution of the HEs in the PM space at
sample at an amplitude r corresponds to activating elements in the triangle shown
elastic state while the excitation oscillates between its minimum and maximum
sity of the HEs within the activation triangle, obtained by shrinking the PM space
angle.
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properties of the sample in order to obtain any quantitative link
between nonlinearity and damage. So far, our model allows only
to predict that increasing nonlinearity (at ﬁxed excitation ampli-
tude) corresponds to a shrinkage of the PM space, which we con-
sider as a way to qualitatively account for damage increase.
Finally, when, for the same excitation amplitude, an external
load is applied, its effect is that of shifting the excitation triangle
in a different portion of the sample (Fig. 8d).Fig. 9. Numerical results corresponding to the same conditions of the performed
experiment. (a) SSM indicator vs. x (compare with Fig. 2); (b) SSM indicator at a
ﬁxed value of x vs. load (compare with Fig. 3).3.2. Model results
As mentioned, we performed a numerical experiment similar,
within the 1-D limitations, to that discussed in Section 2. To this
purpose, we modelled a 1-D medium as a sequence of three layers,
being the intermediate one of lower quality (i.e. higher nonlinear-
ity) than the other two. The following parameters were chosen:
 External layers: 10 cm in length; 800 nodes discretization; 400
HEs belonging to each node; hysteretic parameter rM ¼ r1M ¼
250 MPa; elastic constant of the specimen equal to 34.5 GPa
and density equal to 2330 kg/m3.
 Intermediate layer: 0.4 cm in length; 32 nodes discretization; 400
HEs belonging to each node; hysteretic parameter rM ¼ r2M ¼
75 MPa; elastic constant of the specimen equal to 10 GPa and
density equal to 2100 kg/m3.
A perfect matching was assumed between the layers at any
time, deﬁned by the continuity of stresses and displacements at
the interfaces.
The emitter and the receiver were assumed to be located at the
tips of the sample. A stress signal having the same shape as the one
used in experiments was injected in the simulated sample and the
SSM analysis was performed on the numerical data. Quasi-static
loads of different intensities were simulated in the numerical
experiment by calculating, for each load, the proper initial condi-
tions of the sample (which is accordingly initially pre-strained,
see Fig. 8d.).
Corresponding to the experimental observations, the following
load steps were considered:
1. Loads up to 2.5MPa: we assumed no damage progression in the
sample, therefore the hysteretic parameter rM for the three lay-
ers was unchanged; the compaction effect is hence the result of
increasing external loads, which, from a theoretical point of
view, is equivalent to a shift of the excitation triangle to a differ-
ent position (Fig. 8d).
2. Loads ranging from 3.5 to 5.0MPa: we assumed progression of
damage in the intermediate layer only: while increasing the
load, we decreased r2M to 30 MPa and then to 7.5 MPa. The hys-
teretic parameter of the other layers was not varied;
3. Loads ranging from 10.0 to 12.0MPa: we assumed no further
damage of the intermediate layer (r2M is kept constant), while
the hysteretic parameter for the external layers was decreased
to r1M ¼ 75 MPa and r1M ¼ 20 MPa, respectively, for the two
loads. To simulate the localization of damage in proximity of
the interface, the change of the hysteretic parameter was local-
ized within a distance of 1 cm from the interface.
Results of the simulations are reported in Fig. 9, where the indi-
cator h is plotted vs. x (both deﬁned as in Eqs. (3) and (4)) for dif-
ferent loads (Fig. 9a). The qualitative agreement with the results of
Fig. 2 is excellent. Also, the value of the indicator for a ﬁxed output
level vs. the load (Fig. 9b) points out the existence of three intervals
which correspond to those observed in Fig. 3.4. Conclusions
We have shown in this paper how information on the elastic
nonlinearity of a sample can be extracted using the scaling subtrac-
tion method (SSM) as an alternative to traditional ﬁltering or FFT
analysis. Using the proposed subtraction procedure, we have iden-
tiﬁed three different phases in the response of two bonded con-
crete samples to the progressive increase of external loading:
compaction, debonding of the joint, formation of bulk damage.
This characteristic behavior has been qualitatively well repro-
duced by a PM space-based model developed ad hoc in order to
simulate the progression of damage due to the increase of the
external load. We have demonstrated that the ﬁrst phase envis-
aged is simply due to a beneﬁcial effect (compaction and closure
of pre-existing micro-crack) of the external pressure in a very ﬁrst
range of stress values (about 3 MPa in our case). The increase of the
nonlinear indicator is given by the increase of the density of the
HEs in the superﬁcial region originated by the debonding of the
joint. Only a successive propagation of damage into the bulk area
generates a remarkable increase of the observed nonlinearity.
Also, the analysis presented conﬁrms the existence of a link be-
tween nonlinearity and damage, showing that the former increases
as an effect of the progression of the latter. In order to get any use-
ful information about parameters related to a structure, such as the
residual life-time, this link must be made quantitative. To do this,
the PM space model presented, which is still a phenomenological
approach, has to be coupled with microscopic models based on
the mechanical/physical/chemical properties due to different dam-
age types (Pecorari, 2004). Also, the possible correlation between
nonlinear elastic parameters (such as the SSM indicator) and
observations resulting from different experiments, such as the
1610 P. Antonaci et al. / International Journal of Solids and Structures 47 (2010) 1603–1610measurement of Acoustic Emission during the loading process,
should be investigated (Bentahar and El-Guerjouma, 2009).
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